SUMMARY
study was designed to evaluate the central and regional haemodynamic effects of the addition of nitrous oxide to a background of halothane anaesthesia in spontaneously breathing animals receiving a constant Fi Ot . We evaluated whether this method of increasing the depth of the anaesthesia was as innocuous as far as regional haemodynamics were concerned as previous reports have suggested.
MATERIALS AND METHODS
Thirteen male Sprague-Dawley rats (body weight 328 ± 5 g) were anaesthetized with halothane using an inspired concentration sufficient to prevent purposeful movements during the operative procedures. The animal breathed spontaneously through a tracheostomy (Fi 0| = 0.3). Catheters (PE50) were placed in the femoral artery and the left ventricle (the latter via the right carotid artery). Rectal temperature was maintained at 37 ±0.5 °C by a heat lamp. After the completion of surgery, the inspired halothane concentration was maintained at 1.5 vol% and a 30-min stabilization period was allowed before the determination of the various haemodynamic indices. The methods were described in detail in a previous publication (Seyde and Longnecker, 1984) and will be reported only briefly here. Strontium-85 radiolabelled microspheres (15 ± 1 urn) were injected to the left ventricle and regional blood flows, regional vascular resistances, cardiac output (CO), systemic vascular resistance (SVR), mean arterial pressure (MAP), heart rate (HR), arterial Po,, Pco,, and H + concentrations were determined. Nitrous oxide was then substituted for nitrogen in the breathing mixture of six rats (study group) and the measurements ( l41 Celabelled microspheres) were repeated 10 min thereafter in all animals. Arterial haematocrit was determined at this time also. Blood flows to 13 organs were measured by scintillation counting using a well-type gamma counter (CompuGamma 1282-002, LKB Instruments Incorporated, Gaithersburg, MD). In seven rats (control group), nitrous oxide was not substituted for nitrogen before the second measurements. These animals served as controls to elucidate any systematic changes which might have resulted from the design of the investigation. Results (N, v. N,O) were compared by analysis of covariance. Haematocrit values were compared using Student's two sample t test. P < 0.05 was considered significant.
RESULTS
Results are summarized in tables I and II. Table  I shows the values for the general haemodynamic indices and arterial blood-gas tensions. Cardiac output decreased significantly (P < 0.05) during the administration of nitrous oxide, whereas MAP and SVR remained unchanged. Heart rate was not altered by the administration of nitrous oxide. Arterial Po,, Pco, and H + values were similar with and without the agent. Haematocrit values were not altered significantly by the blood sampling techniques required for these studies (40±l% v. 38±1% during the two regional blood flow determinations). Values for regional haemodynamic indices are presented in table II. The perfusion of the brain increased significantly (P < 0.05) during the administration of nitrous oxide as a result of a significant decrease (P < 0.05) in cerebrovascular resistance. Nitrous oxide decreased blood flow and increased vascular resistance in the kidneys, small intestine and spleen (P < 0.05 for each). Total hepatic blood flow decreased (P < 0.05) during the inhalation of nitrous oxide as a result of a decrease in portal venous blood flow. Haemodynamic indices were not altered significantly in other organs.
DISCUSSION
The striking finding in our study was the observation that 70 % nitrous oxide, when added to a stable background of approximately 1 MAC halothane anaesthesia, resulted in a decrease in cardiac output and major alterations of blood flow to several vital organs. Previous reports of the cardiovascular effects of increasing the depth of anaesthesia by the addition of nitrous oxide to a background of halothane anaesthesia in human volunteers suggested that this procedure lacked cardiovascular depressant effects. In halothaneanaesthetized human volunteers, cardiac output remained unchanged or increased when nitrous oxide was added to the inspired anaesthetic gas mixture (Hornbein et al., 1969) . However, two of the major determinants of cardiac output changed during those studies as the arterial oxygen and carbon dioxide tensions were altered by the administration of the nitrous oxide. Hypercapnia reportedly increases cardiac output (Cullen and Eger, 1974) , as does a decrease in arterial oxygen tension (Whitehorn, Edelmann and Hitchcock, 1946; Daly and Bondurant, 1962) . Thus, during the administration of nitrous oxide, the increase in Pa COl and the decrease in Pao, might have opposed any depressant effect of nitrous oxide on cardiac performance in that study. Smith and colleagues (1970) and Bahlman and co-workers (1971) studied the cardiovascular effects of the addition of nitrous oxide to halothane-anaestheti2ed, healthy, human volunteers. Both studies demonstrated an unchanged cardiac output after the administration of the nitrous oxide. A similar result was reported by Stoelting, Reis and Longnecker (1972) in ventilated patients with valvular heart disease. However, the haemodynamic data reported by Smith and co-workers (1970) were derived after more than 3 h of sustained halothane anaesthesia, and the time-dependent increase in sympathetic activity during prolonged halothane anaesthesia (Deutsch et al., 1962) might have counteracted any possible depressant effect on cardiac function. This effect and the surgical stimulation (intraoperative measurements) might also explain why, after administering nitrous oxide to their patients, Stoelting, Reis and Longnecker (1972) were unable to demonstrate any change in cardiac index. Alternatively, because these investigators were also unable to demonstrate a cardiodepressant effect of halothane itself, the concentrations of halothane and nitrous oxide used might have been too low to elicit significant changes in cardiac performance. Bahlman and associates (1971) did not maintain a constant Fi Ot after the addition of nitrous oxide to the anaesthetic gas mixture. Thus, the decrease in arterial oxygen tension (from 67.0 ± 1.1 to 15.5 ± 1.1 kPa) might have influenced their results. In each of these studies, factors in the design of the investigations (changes in arterial blood-gas tensions, duration of halothane administration or surgical stimulation, for example) may have masked any cardiodepressant effects of nitrous oxide.
One might ask whether the rat is a reasonable animal model with which to study haemodynamic influences of anaesthetics in humans. In a previous study, we demonstrated that several volatile anaesthetics, and ketamine, caused changes in central haemodynamics in rats which were similar to the cardiovascular effects of those agents in man (Seyde and Longnecker, 1984) . Therefore, the rat appears to be an appropriate model for the evaluation of these anaesthetics.
We report here the regional haemodynamic effects in 13 different organs when nitrous oxide was added to a stable background of halothane anaesthesia. The induced decrease in cardiac output was associated with a major redistribution of blood flow among the peripheral tissues. Cerebral blood flow increased significantly and the brain received a greater fraction of the decreased cardiac output. The effects of nitrous oxide on cerebral blood flow vary considerably among species. For example, Fitzpatrick and Gilboe (1982) demonstrated, in the isolated perfused dog brain, that nitrous oxide decreased cerebral vascular resistance. In contrast, data for the influence of nitrous oxide on cerebral blood flow in humans suggested that it had no significant effect (Wollman et al., 1965; Jobes et al., 1977) . It is therefore of interest that, in our animals, nitrous oxide increased significantly the cerebral perfusion when added to a background of halothane anaesthesia. The study of Sakabe and colleagues (1976) suggested the same result for man; however, the cerebral blood flow equivalent, and not cerebral blood flow itself, was determined in that investigation. Thus, under the circumstances of adding nitrous oxide to a background of halothane anaesthesia, adverse effects of nitrous oxide on intracranial pressure (ICP) might occur. That nitrous oxide does have the potential to increase ICP was reported for neurosurgical patients by Henriksen and Jorgensen (1973) and Phirman and Shapiro (1977) . Nevertheless, in this situation hyperventilation and the administration of drugs known to increase cerebrovascular resistance should allow for effective control of the ICP.
In our animals, the administration of nitrous oxide induced decreases in the perfusion of the kidney, spleen and small bowel which might have been the result of increases in splanchnic nerve activity. Fukunaga and Epstein (1973) reported an increase in splanchnic nerve discharge when nitrous oxide was given to halothane-anaesthetized cats. Cooperman, Warden and Price (1968) demonstrated a decrease in splanchnic blood flow in human volunteers receiving nitrous oxide also. Thomson and colleagues (1982) reported that, in pentobarbital-anaesthetized dogs, nitrous oxide resulted in a decrease in portal venous and hepatic arterial blood flows, whereas the hepatic arterial vascular resistance was increased. Our study shows that the nitrous oxide-induced decrease in portal venous blood flow was not accompanied by an increase in hepatic arterial blood flow or decrease in hepatic arterial vascular resistance. These results suggest that nitrous oxide might interact with the neural or intrinsic (Hanson and Johnson, 1966) control of hepatic blood flow.
It is somewhat surprising that the administration of nitrous oxide did not alter cutaneous or muscle blood flow in our animals, whereas the blood flow to organs such as kidneys, liver and small bowel was reduced. One might expect that the skeletal muscle vasculature would constrict to divert the reduced cardiac output to more vital organs. The reason for favouring skeletal muscle perfusion over that of more vital organs remains obscure, but it may be that the halothane anaesthesia itself was a contributory factor. In a previous study (Seyde and Longnecker, 1984) , we demonstrated that haemorrhage resulted in a redistribution of blood flow away from the muscles in awake rats, and that this mechanism was abolished in those animals anaesthetized with several anaesthetics, including halothane. Thus, if cardiac output is decreased by haemorrhage, or the administration of nitrous oxide in halothane-anaesthetized animals, it would appear that the skeletal muscle circulation does not participate in diverting the reduced cardiac output to the more vital organs.
In conclusion, our study reports the haemodynamic effects of the addition of nitrous oxide to background halothane anaesthesia in rats, and demonstrates that increasing the depth of anaesthesia by this technique results in a significant redistribution of a decreased cardiac output. During the administration of nitrous oxide, blood flow to liver, kidney and small bowel was decreased. Thus under certain circumstances, such as hypoxaemia or peripheral vascular disease, these tissues might be more susceptible to ischaemia when nitrous oxide is added to the breathing mixture. Adding nitrous oxide to background halothane anaesthesia was associated with a dilatation of the cerebral vasculature and this maneouvre might result in an increase in intracranial pressure if these results in rats apply to humans also.
Nitrous oxide has a long history of relative safety in anaesthetic practice, but the absence of significant changes in arterial pressure when nitrous oxide is added to a potent inhalation anaesthetic should not be interpreted as an absence of changes in regional blood flow to vital organs.
